INTRODUCTION
The hydrostructural properties of a structured soil medium have been characterized by two fundamental curves: water retention curve (WRC) and the soil shrinkage curve (SSC). These curves have been used to evaluate the soil structure (Haines, 1923; Coughlan et al., 1991; Braudeau et al., , 2005 , soil physical quality (Dexter, 2004; Santos et al., 2011) , soil deformation (Alaoui et al., 2011) and, in general, to characterize and model the soil-water interaction by linking the soil physical properties with their impact on the water and solute movement through a soil medium. The WRC defines the relationship between the soilwater potential and the water content, while the SSC represents the specific volume changes "or void ratio changes" of a soil due to the changes in its water content. A third fundamental characteristic curve is the unsaturated hydraulic conductivity curve. This curve is difficult to measure (Børgesen et al., 2006) ; hence, several scientists have used the fitted parameters of the WRC with the available pore size distribution statistical models to predict the unsaturated hydraulic conductivity curve (Burdine, 1953; Brooks and Corey, 1964; Mualem, 1976; van Genuchten, 1980) . The WRC and SSC curves have been measured in laboratory separately and by different apparatus and methods based on their end use. Generally, the measurement range (∼0-900 hPa) for the WRC, which is the measurement range of the tensiometer, is suitable for soil water flow and solute transport studies. However, several techniques have been used to measure the SSC. These methods can be characterized into four groups: (i) Archimedes' principle-based approach. The well-known methods of this approach are: the resin-coated method (Brasher et al., 1966) , the paraffin-coated method (Lauritzen and Stewart, 1942) , and the rubber balloon method (Tariq and Durnford, 1993a) . In resin-coated and paraffin-coated methods, the soil samples could be clods (Reeve and Hall, 1978) , aggregates (Bronswijk, 1991) , or soil cores (Crescimanno and Provenzano, 1999; Cornelis et al., 2006) . While, in the rubber balloon method, reconstituted soil cores were used in most studies (Tariq and Durnford, 1993a; Cornelis et al., 2006) . In this approach, the soil samples were submerged into water and then the change in the sample volume was determined from the volume of displaced fluid; (ii) physical measurement-based approach: where the soil cores "disturbed or undisturbed" dimensions were measured directly using a vernier caliper (Berndt and Coughlan, 1977; Huang et al., 2011) , a linear displacement transducer (Boivin et al., 2004; Braudeau and Mohtar, 2004) or a thin metal stick (Kim et al., 1992) ; (iii) laser sensors-based approach: where the soil core diameter and height were determined through laser beams such as the retractometer apparatus (Braudeau et al., 1999) , (iv) imagebased approach: where the volume of the soil sample (either clod or core) was either scanned with a 3-D optical scanner (Sander and Gerke, 2007) or by a simple standard digital camera (Stewart et al., 2012) . Several studies have discussed and compared these methods, Cornelis et al. (2006) showed that there were significant differences between the Archimedes' principlebased methods "paraffin-coated and rubber balloon methods" and the physical measurement-based methods "vernier caliper method" where the former produced more accurate and reliable data; however, Sander and Gerke (2007) observed some errors in the resin-coated method that affects the measured volume due to inadequate coating or penetration of the coating materials. Crescimanno and Provenzano (1999) highlighted the problem of anisotropy of vernier caliper method due to the use of confined cores. In general, most of these methods require a continuous measurement follow up for 2-3 weeks (Crescimanno and Provenzano, 1999; Cornelis et al., 2006) and at the end produce 10-20 data pairs.
To fulfill the modeling requirement of the water flow and solute transport through a structured soil medium, the measured discrete data set must be converted into curves by fitting the data with mathematical functions through parameters fittings. Several models were developed to fit the discrete experimental data of the WRC (e.g., El-kadi, 1985; Leij et al., 1997; Groenevelt and Grant, 2004; Fredlund et al., 2011) . These WRC models consider the soil as a rigid porous medium whose porosity is represented by equivalent bundle of capillary tubes (Braudeau and Mohtar, 2004; Coppola et al., 2012) , their state variables are referenced to a virtual volume, Representative Elementary Volume (REV), which ignores the soil structure (Braudeau and Mohtar, 2009) , and their parameters usually have no physical meaning (Chertkov, 2004) . However, other researchers (Voronin, 1980; Berezin et al., 1983) followed a thermodynamic-based approach for defining the relationships between the soil water potential and water content by using physiochemical parameters and variables. Several models were developed to define the known shrinkage phases (Figure 1 ) of the SSC termed structural, normal, basic and residual by identifying the inflection point of the assumed S-shape of the curve (McGarry and Malafant, 1987; Peng and Horn, 2005) , transition points between the shrinkage phases which were named as: shrinkage limit point, air entry point, the macropore shrinkage limit point, and the maximum swelling point (e.g., Giráldez et al., 1983; McGarry and Daniells, 1987; McGarry and Malafant, 1987; Kim et al., 1992; Tariq and Durnford, 1993b; Braudeau et al., 1999) , the curvature at the transition zones between the shrinkage phases (e.g., Olsen and Hauge, 1998; Peng and Horn, 2005) , the slopes of the tangents of the transition points (Peng and Horn, 2005) , and the slope of saturation line (Giráldez et al., 1983) . Still, other studies (Groenevelt and Grant, 2002; Chertkov, 2003) used empirical coefficients and parameters to model the SSC. Few scientists have tried to integrate these shrinkage characteristic points and/or slopes in modeling the water and solute transport through structured soil medium (Armstrong et al., 2000; Larsbo and Jarvis, 2005; Coppola et al., 2012) . However, these models still reference their state variables to virtual volume of soil medium (REV). Moreover, the SSC could be differentiated by the presence or lack of some shrinkage phases. Peng and Horn (2013) identified six types of SSCs based on the number of the existing shrinkage phases in the shrinkage curves by using a large set of experimental data. Finally, few scientists tried to integrate the shrinkage curve.
Compared with the existing studies, this study presents three new issues regarding to: the type of the studied soil; the apparatus used for measuring the WRC and SSC, and the models used for both WRC and SSC. Two native Aridsols, according to US soil taxonomy, in the State of Qatar were investigated in this study. This class of soil has rarely been considered in the shrinkage behavior studies. Then, a new apparatus (Bellier and Braudeau, 2013 ) was used to continuously and simultaneously measure the data pairs for WRC (gravimetric water content vs. soil suction/potential) and SSC (gravimetric water content vs. specific volume) for eight unconfined soil cores and through a complete drying cycle. Frequent and continuous measurements (approximately every 10 min for 2-3 days under a constant temperature of 40 • C) provide essential visual presentations of the two continuous curves (i.e., WRC and SSC) including the shape, the inflection points, and the shrinkage phases which are vital for modeling the curves as discussed before. Such a continuous capture and portrayal of the discrete data can't be obtained by other methods, mainly in the case of the SSC. Also, simultaneous measurements, of the same soil core, ensure having the data pairs for WRC and SSC, which are usually measured separately, under similar conditions (same temperature, humidity, etc.) and same water contents which are considered as the main state variable in all soil water models. None of the existing methods except (Boivin et al., 2004; Braudeau and Mohtar, 2004) give such a measurement. Some studies showed that the different drying rates of the same soil sample affect the WRC behavior (Zhou et al., 2014) and the soil shrinkage and cracking behavior (Tang et al., 2010) . These findings strengthen the need for having continuous and simultaneous measurements under consistent conditions which simulates reality. The use of unconfined soil cores decrease the anisotropic shrinkage behavior highlighted by Crescimanno and Provenzano (1999) . In addition, the number of the sampled cores (8 samples each time) and the automated measurements reduce the time and effort needed to carry out such measurements. Finally, new models for WRC and SSC were used in this study. These models were developed based on the Pedostructure and SREV concept (Braudeau and Mohtar, 2009 ) and the Gibbs thermodynamic potential function of the soil medium (Sposito, 1981) and recently presented in Part 1 of this study (Braudeau et al., 2014) .
Thus, the objectives of this study were to: (1) introduce a new characterization approach of a soil medium based on continuous measurements of soil water potential and soil shrinkage, (2) establish a methodology for preparing reconstituted and undisturbed soil samples for apparatus' measurements, (3) evaluate the efficiency of this kind of characterization where each parameter has a physical meaning and quantifies a specific hydrostructural property of the Pedostructure. Two native Aridsoils in the State of Qatar were investigated in this study.
MATERIALS AND METHODS

THE WRC AND SSC THERMODYNAMIC EQUATIONS
In Part 1 of this study, Braudeau et al. (2014) were able to derive the following state functions of the pedostructure:
The equation of the pedostructure WRC: soil . The values of the water pools associated with the basic shrinkage phase (w bs ), the structural shrinkage phase (w st ), and the interpedal shrinkage phase (w ip ) can be determined as shown in the following relationships: Peng and Horn (2013) identified six types of shrinkage curves based on the number of shrinkage phases observed in the measured shrinkage curve. The data set used in their study was discrete measurement consisting of 10-30 data pairs. However, as shown in Part 1, Braudeau et al. (2014) identified three main types of the shrinkage curves based on: the shape of the curve (Sigmoidal or not), and the existence of the saturated interpedal water which is responsible for the shrinkage phase parallel to the saturation line (i.e. slope = 1). They used continuous measurements of 200-600 data pairs. The three identified types were: (i) Sigmoidal shrinkage curve without saturated interpedal water, (ii) Sigmoidal shrinkage curve with saturated interpedal water, and (iii) Non-sigmoidal shrinkage curve. However, we are interested in types (i) and (iii) as they represent the shapes of the shrinkage curves of the studied soil.
To summarize, the state variables and the physical parameters describing a structured soil medium can now be characterized in three thermodynamically-based characteristic functions: (1) (3) the soil shrinkage function [V(W)]. However, the question is now how to identify the physical parameters of these functions, this question will be answered in details later in the paper, but let's first recall that in total, there are 12 hydrostructural parameters:
where four of them are common parameters for the three characteristic functions (E mi , E ma , W miSat , and W maSat ) and three of them (W L , k L , K ip ) are only used in the shrinkage curve of sigmoidal shape with saturated interpedal water. This shape of curves wasn't among the shrinkage curves obtained for the studied soil. Thus, in this study, only 9 hydrostructural parameters were used for characterizing the soil medium organization "pedostructure." These are the parameters of the three characteristic functions, such that:
• The pedostructure micro and macropore water con-
Finally, the continuous and simultaneous measurements provided a strong and reliable visualization of the transition points and slopes of the different shrinkage phases of the shrinkage curves. Such visualization was very imperative for extracting and estimating the hydrostructural parameters as it is discussed later in this paper.
SOILS STUDIED
Two native soils, classified as Aridisols in US Soil Taxonomy, located near Al Khor city in the State of Qatar were used in this study (see Table 1 ). These native soils are: (1) Rodah soil:
"Rodah" is an Arabic word means a garden and it is locally used for the colluvium depressions soils which have been accumulated with recent colluvial materials (mainly calcareous loamy and silty deposits) by the storm water runoff through wadis "ephemeral streams." This soil is potentially the most suitable soil for agricultural uses, and hence most of the farms in the State of Qatar are located over these depressions, (2) Sabkha soil: "Sabkha" is also an Arabic word used for the highly saline depression soils "i.e., salt marshes." The salts accumulation is due to the evaporation of the saline groundwater coming from the sea. In this study, the two native soils were taken from two depressions (Rodah and Sabkha) that are about 1 Km apart from each other (see Table 1 ), both depressions are located over a Haplocalcids great group according to US soil taxonomy (Soil Survey Staff, 1975) where limestone is the dominant outcropping formation (Scheibert et al., 2005) . Finally, the Rodah and Sabkha soils used in this study have silty clay loam texture and silty loam texture, respectively.
SAMPLING AND SAMPLES PREPARATION
Disturbed and undisturbed soil cores were considered in this study for each soil type. The soil samples were taken from the top layer (usually 0-10 cm depth) for both types of cores. The procedures for both types of soil core preparation are explained in the following sub-sections.
Disturbed soil samples
In this study, soils were collected from the field then air-dried and then sieved using 200 μm and 2 mm sieves. This range of particle sizes (200 μm-2 mm) was selected in this study to get soil cores with macro-aggregates and hence with good structures, and also to minimize the presence of loose fine sand and silt particles and crystallized salts especially in the case of Sabkha soil. After that, the soil aggregates were filled in thin layers ( Figure 2A ) in a Polyvinyl chloride (PVC) rings ( = 5 cm, h = 5 cm) whose internal walls were coated with a thin petroleum jelly film to prevent the soil adhering to the wall during construction and to make the removal of the soil cores easier after construction. Note that unconfined soil cores were used in the analyses. During the filling process, the PVC cores were placed in small pans partially filled with water (about 5 mm deep). Whatman filters No. 40 were used to hold the soil aggregates inside the PV cores. The soil aggregates were added in thin layers (about 1 cm) with gentle tapping at the edge of the PVC ring after adding each layer. The second soil layer had not to be added until the first layer saturated to maintain well-constructed cores without horizontal segmentation. Once the cores construction was finished, a gentle leveling of the soil surface was performed. Then, the soil cores were taken and placed in an oven set at 40 • C for approximately 48 h. This process allowed the soil aggregates to shrink until the end of the basic shrinkage phase and enhanced producing a structured soil medium. The time for drying could vary based on the soil type and soil salinity. After that, the soil cores were resaturated by replacing them in the saturating pans and allowing the cores to saturate. Then, they were dried for a second time by placing them in an oven set at 40 • C for about 48 h. This was the procedure for preparing a well-constructed soil aggregates cores.
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Undisturbed soil samples
Undisturbed soil samples were also taken from both Rodah and Sabkha soils for better understanding and comparison purposes. After selecting the sampling points, the top soil layer (about 7 cm thick) was saturated by using Infiltrometer. Then, the same PVC rings ( = 5 cm, h = 5 cm) were used to take the soil samples (see Figure 2B ). The saturation process was done to eliminate the swelling effect on the soil structure of these confined cores once they were re-saturated in the lab. The soil cores were then removed, labeled, and covered with two caps.
Preparing the soil samples for TypoSoil TM measurements
The soil cores (disturbed and undisturbed) were then saturated by capillary wetting by placing them on a sand box bath (the water level in the bath is 2 cm below the top of the sand box).
As shown in Figure 2C , the sand box is simply a ( = 7.6 cm, h = 12 cm) PVC tube placed in a bath (2000 ml beaker). The saturation process lasted for (1-2 days) and operated under atmospheric pressure (Dickson et al., 1991; Braudeau et al., 1999; Salahat et al., 2012) and with a looking glass on top of the beaker to minimize the evaporation. The PVC rings were removed after a short time. The porous ceramic cup mini Tensiometer and the support platform which contains the pressure gauge were prepared for hosting the soil cores. Both the tensiometer and support platform must be free from any air bubbles. This process was done by flushing the system with degassed, deionized water to minimize the effects of the osmotic potentials in measurement. Then, the tensiometers were inserted ( Figure 2D ).
THE APPARATUS: TypoSoil™ [SOIL TYPOLOGY]
The new apparatus (Bellier and Braudeau, 2013) , TypoSoil™, is a device intended to measure continuously and simultaneously the two soil moisture characteristic curves: WRC and SSC for eight (100 cm 3 ) unconfined cylindrical soil cores. The continuous measurement of the two characteristic curves enables the user to identify precisely the characteristic points and/or portions of the curves that are used to predict the soil moisture characteristic functions. The simultaneous measurements guarantee that the soil moisture characteristic curves are measured under identical condition which is not the case in the existing devices. The WRC is a relationship between soil suction/potential and gravimetric water content, while the SSC is a relationship between the specific volume (volume/mass of solids) and the gravimetric water content. Hence, both curves are related to the gravimetric water content. This point was taken into account while making the measurements in this device. The whole set of measurements (soil weight, dimensions, and suction) are recorded instantaneously when the soil core weight is taken.
TypoSoil™ is a modified device of the retractometer (Braudeau et al., 1999) . The later measures only the SSC while the new device measures both SSC and WRC. The new device consists of the following components (Figure 3) : (i) A biological stove working on a fixed temperature identified by the user (usually 30-40 • C). (ii) An electronic analytical balance with MonoBloc weighting cell with a connection point's plate fixed on it. This plate closes the electrical circuit to measure and record the data once contacted with the support platform as explained below (see also Figure 3 ). (iii) Laser sensors: one spot laser sensor that measures the height of the soil sample by triangulation (10 μm resolution) and two thru-beam sensors (5 μm resolution) to measure the diameter of the soil sample by measuring the portion of the beam not intercepted by the laser, (iv) turning plate which can house 8 cylindrical soil samples (100 cm 3 " = 5 cm, h = 5 cm") placed on perforated support platform which contains a pressure gauge inside connected to the soil core by a ceramic-needle tensiometer with an approximate functional range of 0-700 hPa. This rotating plate automatically descends to make a contact between the bottom of the perforated support platform and the connection points fixed on the balance to take and record the measurements (soil weight, dimensions, and suction). The turning plate ascends and rotates to make the measurement for another soil sample. In general, a full cycle of measurements for the 8 cores can be done in 10 min and can be repeated until the sample's weight remains constant (usually it takes 2-3 days at 40 • C). Then the sample is oven dried at 105 • C to determine its weight M s (structural mass or mass of solids), (v) control panel with screen for displaying the data during and after the experiment, power and emergency stop bottoms, USB, SD Card, and Ethernet connections to download the data.
Assuming an isotropic radial shrinkage and uniform distribution of the soil water content throughout the unconfined cylindrical soil cores, the specific volume and the soil water content of the soil core can be identified, respectively, such that:
where, V is the specific volume of the soil sample dm 3 Kg −1 solid , D and H are, respectively, the measured diameter and height of the soil sample [dm], M s is the dry mass of the soil sample at 105
where, W is the specific water content of the soil sample Kg water kg
solid , m is the measured mass of the soil sample kg water , M s is the dry mass of the soil sample at 105 • C kg solid .
The saturation line [V Sat ] was calculated by using the following equation (Braudeau et al., 2005) :
where, W is the specific water content of the soil sample Kg water kg −1 solid , ρ w is the specific density of water 1kg water dm −3 , V s is the specific volume of the soil phase, estimated from the particle density, dm 3 Kg −1
solid .
EXTRACTION AND ESTIMATION OF PEDOSTRUCTURE CHARACTERISTIC PARAMETERS [HYDRO-STRUCTURAL PARAMETERS]
The proper modeling of water flow and solute transport through a structured soil medium requires continuous characteristic curves (WRC and SSC) instead of discrete experimental data. In this section, the procedures used for extracting and estimating the hydro-structural parameters of the proposed equations for the
, and the micro and macro water contents at equilibrium W eq mi (W) and W eq ma (W) from the continuously and simultaneously measured data pairs were discussed. In total, there are twelve parameters:
were not included in this study as they are related to the existence of interpedal water shrinkage phase which was not the case for the types of soil used in this study. (Figures 4, 5 ; Table 2 ), and (v) minimize the sum of square errors between modeled and measured SSC by using the Microsoft Excel solver.
The first step in the parameters extraction and estimation process was identifying the shape of the SSC. This step is fundamental because it affects the procedures for the parameters extraction and estimation. In this study, two types were identified: sigmoidal shape without saturated interpedal segment and Non-sigmoidal shapes.
The case of sigmoidal shrinkage curve without saturated interpedal segment
In the case of sigmoidal shrinkage curve without saturated interpedal segment, the different shrinkage phases (residual, basic, and structural) and the transition points among these phases (N and M) could easily be recognized on the measured SSC. This precise distinguishing was only possible due to having continuous measurements of the data pairs (water content and specific volume) of SSC. The following steps were followed for identifying the hydrostructural parameters of the WRC and the SSC:
Extracting and estimating the parameters of WRC. According to Equation (1), the parameters of WRC are: W miSat , W maSat , E mi , and E ma . The first two parameters (W miSat , W maSat )represent the water contents of the micropore and macropore volume at saturation, respectively. They were extracted directly from the measured WRC and SSC (Figure 4) , such that:W miSat = W M , and W maSat = W Sat − W miSat . However, the other parameters E mi , E ma represent the potential energy of the surface charges of the clay particles inside and outside the primary peds, respectively. These parameters were given initial values, such that: E mi = 40 J/kg and E ma was replaced by E/E ma with initial value = 100 J/kg. Finally, the sum of square errors, between the modeled [using the extracted/estimated parameters in Equation (1)] and the measured WRC, was minimized by using the Microsoft Excel solver.
Extracting and estimating the parameters of SSC.
According to Equations (3-6), the parameters of SSC are:
The first two parameters have already been identified from the previous step knowing that E = E mi + E ma . Then, V 0 and K bs which represent respectively the specific volume at the end of the shrinkage curve and the slope of the basic shrinkage phase were extracted precisely from the measured shrinkage curve (Figure 4) , these two values were assumed fixed and weren't included in the optimization process. However, W N and K st which represent respectively the water content of the specific pore volume of dry primary peds and the slope of the structural shrinkage phase were estimated as shown in Figure 4 , then they were included in the optimization process. Finally, k N was given in initial value of 100 kg s /kg w . Thus, only three parameters (W N , K st , and k N ) were optimized in the process of minimizing the sum of square errors, between the An accurate estimate can be extracted directly from the SSC of S-shape (Figure 4) , while an initial estimate can be extracted from the Non-S-Shape of SSC ( Figure 5 ). This value is identified by the optimization process. In general, one can assume its initial value = 100 kg s /kg w .
K bs dm 3 /kg w It represents the slope of the basic shrinkage phase of SSC. Thus, it is a characteristic slope.
Accurate estimates for these two characteristic slopes can be extracted directly from the SSC of S-shape (Figure 4) , while initial estimates can be extracted from the Non-S-Shape of SSC ( Figure 5 ). K st dm 3 /kg w It represents the slope of the structure shrinkage phase of SSCC. Thus, it is a characteristic slope.
The summary includes: the symbols of the parameters, their units, the physical meaning of each parameter and finally how each of them was extracted/estimated and identified.
modeled [using the extracted/estimated parameters in Equations (3-6)] and the measured SSC, by using the Microsoft Excel solver.
The case of non-sigmoidal shrinkage curve
In the second case, the non-sigmoidal shape of the SSC, one could not identify any mark on the measured shrinkage curve for the positions of the transition points (N, M, and L). However, thanks to the continuous measured data points, the three shrinkage phases of the shrinkage curve (residual, basic, and structural) could be distinguished on the measured curve and hence the slope parameters K bs , K st could be measured directly from the available data ( Figure 5 ).
Extracting and estimating the parameters of WRC. Similar procedures for extracting and estimating the hydrostructural parameters of the WRC in the first were followed in this case, but with one exception. The initial value of W miSat was located on the measured WRC between the potential range 400-500 hPa (Figure 5 ). This step was done because it was very difficult to identify the transition point (M) between the basic and the structural phases on the shrinkage curve in such a case. At the end, the four parameters (W miSat , W maSat , E mi , E ma ) were included in the optimization process.
Extracting and estimating the parameters of SSC. Similar to the first case, but W N was roughly estimated on the shrinkage curve (the "X" in Figure 5 ), and K bs , K st were measured from the data as shown in the same figure. Finally, the parameters (W N , K st , k N , and K bs ) were included in the optimization process. However, K bs was included this time in the optimization process to minimize the effect of the curve's shape.
RESULTS
THE MEASURED WATER RETENTION AND SOIL SHRINKAGE CURVES
The continuous and simultaneous measurements of the WRCs and SSCs for reconstituted and undisturbed Rodah soil samples are shown in Figure 6 , while Figure 7 shows the measurements for the reconstituted and undisturbed Sabkha soil samples. Three replicates of disturbed, constructed from aggregates of size range (200 μm-2 mm), and undisturbed soil samples for both soil types: Rodah and Sabkha Soils were analyzed by the TypoSoil™. The measured SSCs for reconstituted soil samples ( Figures 6A, 7A) showed high departure from the Saturation Line. Such a departure could be a side-effect of such a macroaggregate soil medium (200 μm-2 mm). During the construction and preparation procedures, the samples were saturated from bottom with (2 cm suction sand box). This could produce some voids filled with air and thus lack complete saturation. However, this was not the case in the undisturbed soil samples (Figures 6B, 7B) . Still, the interpedal shrinkage phase parallel to the load line was absent in all samples. Regarding the shrinkage behavior of the soil samples "i.e., the range of the specific volume changes from saturation until dry state," Rodah soil samples showed higher shrinkage amplitude values compared to the Sabkha soil samples. The specific volume changes for reconstituted Rodah soil samples ranged between "0.85 and 0.95" (i.e., the range = 0.1) dm 3 /kg s , undisturbed Rodah soil samples "0.68-0.75" (i.e., the range = 0.07) dm 3 /kg s . Reconstituted Sabkha soil samples ranged "0.85-0.88" (i.e., the range = 0.03) dm 3 /kg s , and the undisturbed Sabkha soil samples "0.76-0.8" (i.e., the range = 0.04) dm 3 /kg s . Two reasons could be considered for explaining the higher shrinkage amplitude of Rodah soil compared with the Sabkha soil; (1) the soil texture for Rodah soil is (silty clay loam) while the Sabkha soil is (silty loam), thus Rodah soil has higher clay content and lower sand content and consequently higher shrinkage amplitude; (2) the higher salinity of Sabkha soil compared with Rodah Soil (Table 2 ) affects the amount of water lost through evaporation during the drying cycle (2-3 days) and reduced the shrinkage of the sample. However, extending the time of drying cycle in the case of Sabkha was meaningless as the samples showed an increase in their specific volumes as shown in Figure 7 . Moreover, the undisturbed soil samples showed steeper WRCs for both soil types compared with the reconstituted soil sample; this was a result of the selected aggregate size. The reconstituted Rodah soil samples [AM67, AM68, and AM69] had almost an S-shape for the SSCs (Figure 6A ) with steep slopes of the basic shrinkage phases of the shrinkage curves. Sshape usually indicates a good soil structure (Braudeau et al., 1999; Boivin et al., 2004; Horn, 2005, 2013) and these samples were constructed from macro-aggregates (200 μm-2 mm) excluding all the fine sand and loose silt particles less than 200 μm. Figure 6A shows a very good match of the measured WRC and SSC for the three replicates. This good match indicates that samples preparing procedures were reliable. Small variation was observed at the beginning (saturation state) and at the end of the shrinkage curve (dry state), such variations could be due to: (1) different saturated initial states for different samples; (2) different initial volumes of the samples ∼ 100 cm 3 . Finally, as shown in Figure 6A , the measured soil potential for sample (AM67) was only up to 400 hPa.
The reconstituted Sabkha soil samples [AM1, AM2, and AM3] had similar shrinkage and WRCs, but there was a shift in both curves of sample AM2. However, the shrinkage curves of the three samples showed dramatic increase in their specific volumes after a certain point (Figure 7A ) which had the same water content in the three replicates (this water content ≈ 0.17 kg water /kg soil ). Moreover, it was also noticed that this water content was almost the same water content where the tensiometer readings reached the air entry point of the tensiometers (Figure 7A) . Actually, such a behavior was reported by Boivin et al. (2006) , they interpreted this increase in specific volume as a result of breaking the water meniscus between sand particles due to the drying. However, this particular behavior wasn't observed in reconstituted Rodah soil samples [AM67, AM68, and AM69] which were prepared by similar procedures. Thus, the soil preparation methodology couldn't be blamed for such a behavior. However, the only determinable difference between these samples is the soil salinity. The soil salinity of the reconstituted Rodah soil samples was 1.80 ± 0.01 mS/cm, while it was 7.61 ± 0.58 for the reconstituted Rodah soil samples. The soil salinity was measured for the soil samples after being analyzed by TypoSoil™ and by using a multi-parameter meter with soil solution of (1:5 soil/water ratio). Salinity affects the soil flocculation by enhancing the bending of fine particles together (Abu Sharar et al., 1987) , side by side with the aggregate size and the drying of the soil samples could lead to disjoining the aggregates and increasing gradually the sample volume. Nevertheless, this part of the shrinkage curve was excluded in the analysis.
The shapes of the SSCs for the undisturbed soil samples for both Rodah ( Figure 6B ) and Sabkha ( Figure 7B ) soils were non-sigmoidal. Moreover, those soil samples had lower saturated water content compared with the reconstituted soil samples as those samples were more compacted compared to the reconstituted ones. Two samples of the undisturbed Rodah [UDR2 and UDR3] showed similar WRC and SSC, while the third one [UDR1] had slightly shifted curves as shown in Figure 6B . In the SSC, three shrinkage phases could, somehow, be distinguished. They are: residual, basic, and structural shrinkage phases. This distinction was more difficult in the case of the undisturbed Sabkha soil samples [UDS1, UDS2, and UDS3] as shown in Figure 7B . The samples for both undisturbed Rodah and Sabkha soils showed a steep slope for the structural shrinkage phase of the SSC which indicated a high impact of the removal of the structural macropore water on the shrinkage behavior of such types of soil. Soil sample UDS3 was an exception; it didn't show the same behavior nor showed a similar shrinkage curve.
MODELING THE WATER RETENTION AND SOIL SHRINKAGE CURVES
In this section, two processes were evaluated: (1) the extraction and estimation of the hydrostructural parameters from the continuous and simultaneous data pairs of the two characteristic curves (WRC and SSC); and (2) the efficiency of the thermodynamic and pedostructure based equations to model the two soil moisture characteristic curves (WRC and SSC) using such kind of hydrostructural parameters. In total, there are 12 hydrostructural parameters, while in this study only nine of them were used V 0 , W N , k N , K bs , K st , E mi , E ma , W miSat , W maSat due to the obtained shapes of the measured SSC. Nine parameters are still a large number and can be considered as a disadvantage compared to the other existing models. However, the following points should be kept in mind once doing such a comparison: (i) each parameter has a physical meaning and quantifies a specific hydrostructural property of the soil medium; (ii) six parameters V 0 , W N , K bs , K st , W miSat , W maSat out of nine can be extracted from well identified locations (points and slopes) on the measured SSC and WRC (see Figures 4, 5 ) and the accuracy of such a process depends on having continuous and simultaneous measurements, such measurements can be provided by TypoSoil™, and it also depends on the shape of curve as shown in section Extraction and Estimation of Pedostructure Characteristic Parameters [Hydro-structural Parameters]; thus (iii) it ends up having only three parameters k N , E mi , E ma to be optimized and used for modeling both soil moisture characteristic curves (SSC and WRC).
As discussed before in section Extraction and Estimation of Pedostructure Characteristic Parameters [Hydro-structural Parameters], two types of SSCs were observed in this study: sigmoidal without interpedal shrinkage phase and non-sigmoidal shrinkage curves. The procedures for extracting and estimation the hydrostructural parameters were clearly discussed in that section. Comparing the initially extracted parameters from the measured curves with the ones obtained after the optimization process, the Sigmoidal curves were much better than the other type. As shown in Figure 4 , the extracted parameters of a sigmoidal shrinkage curve sample [AM69] were such that: W miSat = 0.245, W maSat = 0.185, W N = 0.11, K bs = 0.47, K st = 0.25, and V 0 = 0.84. The obtained results from the optimization process were (Table 3) : W miSat = 0.24, W maSat = 0.19, W N = 0.10, K bs = 0.46, K st = 0.28, and V 0 = 0.84. Such a perfect matching ensured the accuracy of the extraction procedures for those physical parameters and the importance of having continuous and simultaneous measurements of the two characteristic curves. On the contrary, the characteristic points and segments that identify the hydrostructural parameters were not easily identified in the non-sigmoidal shrinkage curve. Still some good pairing was observed between the extracted parameters from the measured curves and the optimized ones Figure 5 presents an example of this type of curves for sample [UDR2], the extracted parameters from the measured curves were: W miSat = 0.28, W maSat = 0.045, W N = 0.13, K bs = 0.206, K st = 0.26, and V 0 = 0.673; while, the optimized ones were: W miSat = 0.28, W maSat = 0.05, W N = 0.17, K bs = 0.37, K st = 0.62, and V 0 = 0.67. Here, the only parameters that showed variation between the two sets of parameters were W N and K bs which represent the inflection point between the basic and residual shrinkage phases and the slope of the basic shrinkage curves, respectively. Such a variation was expected due to the difficulty of identifying these characteristic points and segments on such a type of shrinkage curves. These results highlighted three imperative conclusions. The first is that the extraction methodology of the hydrostructural parameters is adequate. The second is the imperative nature of having continuous and simultaneous measurements of the two characteristic curves. The third is the simplicity of the method in identifying multiple parameters, six parameters out of nine, V 0 , W N , K bs , K st , W miSat , W maSat for two fundamental characteristic curves of the soil medium in one step.
Examples for the modeled WRCs and SSCs by using the extracted/optimized parameters are shown in Figures 8, 9 . The results were very promising as shown in the curves of the (Figure 9B) . A statistical summary of the excellent matching between the measured characteristic curves and modeled ones for all soil samples is shown in Table 5 . In the case of WRC, 99.80-99.99% of the variation in the measured data could be explained by the modeled ones with root mean square errors (RMSEs) ranging between (2.2 and 4.5) hPa. While, for the SSC, 98.4-99.98% of the variation in the measured data could be explained by the modeled ones with RMSEs ranging between (9.3 × 10 −4 − 1.5 × 10 −2 ) dm 3 /kg solid . It should be kept in mind that the measurement and modeled WRC curves were for the range of the readings of the tensiometers. This excellent matching between the measured characteristic curves and modeled ones supports the validity, adequacy and reliability of the extraction methodology of the hydrostructural parameters and the thermodynamic-based equations of the two characteristic curves. Finally, the issue of uniqueness of these hydrostructural parameters for a specific soil type was evaluated. "Uniqueness" is whether the three replicates produced the same hydrostructural parameters and whether these parameters are different from other soil types. A statistical summary of the hydrostructural parameters for Rodah soil samples and Sabkha soil samples are shown in Tables 3, 4 , respectively. This summary provided sufficient evidence to support the uniqueness of the hydrostructural parameters for each soil type, these evidences were: (i) the parameters E mi , W miSat , V 0 , k N , and W N were almost the same for three replicates in each group, see the values of standard deviations (SD) and coefficient of variation (CV), (ii) the observed variations in the parameters (W maSat , K bs , K st ) are justifiable. It was obvious from the measured curves (Figures 6, 7) that there was one sample of each group that had different soil shrinkage or retention curves, these samples were: (a) sample [AM67] in the reconstituted Rodah soil group showed a different shape of the structural shrinkage phase, which was characterized by K st and . Finally, (e) the parameter E ma showed some variations among the three replicates, but it was noticed that the highest variations were for the same samples that had problems as identified before (i.e., UDR1, AM3, and UDS3). Two points could be concluded from these results. There is power in the physical meaning of the used parameters in justifying and explaining any observed variations in the measured characteristic curves (WRC and SSC), and the identified hydrostructural parameters were unique for each soil sample group.
DISCUSSION
This paper presents a comprehensive work for measuring, characterizing, and modeling the soil shrinkage and WRCs based on the thermodynamic and Pedostructure concepts. It includes: (1) a methodology for preparing disturbed and undisturbed soil samples to be ready for the analyses by the new device, TypoSoil™. This device provides simultaneous and continuous measurements for the data pairs required to construct the two curves; (2) presentation of a simple and reliable method for extracting and estimating the hydrostructural parameters for the two curves; and (3) an application of the proposed work of Braudeau et al. (2014) , in a hyper-arid region soil including very salty soil, for modeling the WRC and SSC according to the thermodynamic theory of the Pedostructure. To conduct this study, two native Aridisols in the state of Qatar, named locally "Rodah soil" and "Sabkha soil" were used. Three replicates of reconstituted and undisturbed soil cores were prepared and studied in this paper. The results of the measured curves by the new device proved that the procedure for preparing the samples is reliable and reproducible. Minor variations were observed among the WRC and SSC of the three replicates of each soil type, except one case (UDS3). Moreover, the paper highlighted the importance of having continuous and simultaneous measurements for this kind of characterization where each parameter not only quantifies a specific physical property of the soil medium but also, in most cases, extracted from specific characteristic points and segments on the measured SSC, such as: (V 0 , W N , k N , K bs , K st ), or identified at once from the two curves, such as:
The paper portrays the simplicity, robustness, uniqueness, and accuracy of the method used for extraction of the 9 hydrostructural parameters. Very accurate values of multiple parameters (6 out of 9 parameters!) were extracted at once and in a simple way from the measured curves. These parameters were: V 0 , W N , K bs , K st , W miSat , W maSat . In general, the extracted parameters for the sigmoidal shrinkage curves were more accurate than the case of non-sigmoidal shrinkage curves. This is due to the difficulty of identifying the characteristic points on the shrinkage curve. Moreover, the results evidenced the uniqueness of these parameters for each soil type.
Finally, excellent matching was observed between the measured characteristic curves and modeled ones based the thermodynamic theory of the Pedostructure. There is enough supporting evidence for the validity, adequacy and reliability of the extraction methodology of the hydrostructural parameters and the thermodynamic-based equations of the two characteristic curves. Moreover, the final values of the hydrostructural parameters proved the uniqueness of these parameters for each soil type.
These promising results open the doors for further studies, such as: using the power and uniqueness of these parameters for other studies related to the water flow and solute transports and soil remediation.
